One of the major difficulties in measuring the piezoelectric coefficient d 33,f for thin films is the elimination of the contribution from substrate bending. We show by theoretical analysis and experimental measurements that by bonding thin film piezoelectric samples to a substantial holder the substrate bending can be minimized to a negligible level. Once the substrate bending can be effectively eliminated, single beam laser scanning vibrometry can be used to measure the precise strain distribution of a piezoelectric thin film under converse actuation. A significant strain increase toward the inside edge of the top electrode (assuming a fully covered bottom electrode) and a corresponding strain peak in the opposite direction just outside the electrode edge were observed. These peaks were found to increase with the increasing Poisson's ratio and transversal piezoelectric coefficient of the piezoelectric thin film. This is due to the non-continuity of the electric field at the edge of the top electrode, which leads to the concentration of shear stress and electric field in the vicinity of the electrode edge. The measured d 33,f was found to depend not only on the material properties such as the electromechanical coefficients of the piezoelectric thin films or elastic coefficients of the thin film and the substrate, but also on the geometry factors such as the thickness of the piezoelectric films, the dimensions of the electrode, and also the thickness of the substrate.
4 modifications such as pneumatic pressure rig 8 and sample flexure 9, 10 techniques have been developed. The use of piezo-response force microscopy (PFM) measurements for those films with deposited top electrodes may also suffer from the substrate bending effect As for PFM for films without a top electrode; it detects the local vibrations induced by a testing sinusoidal signal, applied between the conductive tip of the atomic force microscopes cantilever and the bottom electrode of the film. Since the radius of the tip apex is in the range of tens of nanometres, the measured piezoelectric response is grain dependent. For some grains, the contribution from d 15 may be significant, and the measured out-of-plane piezoelectric response could be substantially different from the effective value along the poling direction.
11
Single beam laser interferometry techniques have difficulty in separating the bending of the substrate from the thickness dilatation of films. despite it not being the most user friendly technique, as it requires a stable environment and has a relatively large spot size. Some additional problems are the requirement of high reflectivity for both the front and back surfaces which makes it difficult if not impossible for the measurement of porous thick films. Moreover, if the front and back side beams are not aligned precisely, to be coincident, then substrate bending can contribute substantially to the measured displacement (this will be discussed further in section 2).
Laser scanning vibrometry (LSV) is becoming more popular for d 33,f measurements, 14 due partly to the ease of use and the capability of phase related surface scanning measurements.
LSV can work in a normal laboratory environment and does not require the sample surface to have a very high reflectivity. LSV measures vibration velocity, which when integrated gives the displacement of the sample.
Recent works on the finite element modelling of the piezo-response of piezoelectric thin films, suggest that the vertical displacement of the top surface of the film when activated by an electric voltage, is the congruence of a number of contributions, such as: the intrinsic piezo-strain, the strain induced by the substrate constraints, the local deformation of the substrate and the top and bottom electrodes, and substrate bending. It is well recognized that the substrate bending displacement could be several times that of the intrinsic piezo-strain, therefore it has to be eliminated completely or compensated for in the measurement. 12, 13 The substrate constraint induced strain is dependent upon the exact boundary conditions, and diminishes if the top electrode dimension is much smaller than the film thickness. 15, 16 The effect of the top electrode is negligible if the film is fully or free from constraint with the substrate. 16 The local deformation of the bottom electrode and substrate is much more complex and could account for more than 70% of the measured displacement. 15 Further detailed modelling has revealed that the local deformation depends on the dimension of the top electrode, film thickness and also the ratio between the two. 
17
The requirement for the top electrode to be larger than a few mm has serious implications since many MEMS devices are less than one mm in all critical dimensions. Also the chance of an electrical short in some thin films, such as those prepared by sol-gel, significantly increases when top electrodes are larger than 1 mm due to the existence of pin-holes. The conclusions from the numerical modelling posses a series questions such as: Can this be confirmed by experiments? Are there other factors which also affect the measured piezocoefficient?
In this manuscript we report the analysis, modelling and LSV measurement of piezoelectric thin film behaviour under activation with an electric field. We show that the effect of substrate bending can be eliminated by bonding the back of thin film samples to a large mass.
The dependence of the measured piezoelectric coefficients on the size of the top electrode is demonstrated and compared to numerical modelling results. Factors affecting the line profile of piezo-response across the diameter of the top electrode are also discussed.
II. THEORETICAL ANALYSIS

A. Substrate bending without bonding
When an electric field E 3 is applied to a piezoelectric film deposited on a substrate, it bends due to the transversal piezoelectric effect d 31 (Figure 1(a) ). By making the assumption that the specimen is a strip, it can be treated as a unimorph beam simplifying the analysis. 18, 19 Assuming the specimen is simply supported, the curvature  of the bending can be calculated by:
The bending displacement  at L 1 (Figure 1(a) ) is:
And the slope  at the L 1 is: (Figure 1(a) ) and the total displacement at L 2 is:
Where 
B. Substrate bending of glue bonding device to a sample holder
The above estimation has assumed that the specimen was simply supported on the sample holder. If however the back of the substrate is bonded to a rigid sample holder, we can show that the bending of the substrate is dramatically reduced, and can be considered to be negligible.
When a positive voltage is applied to the sample, an upward bending moment M eq is induced and the specimen moves upward until it is counter-balanced by the stretched bonding layer (for example, acrylate glue). The bonding layer can be considered as a spring with the spring
, where A is the contact area of the acrylate glue with the substrate. 20, 21 For simplicity assuming the maximum displacement of the bottom of the wafer at the edge of the top electrode (L 1 ) is Z 0 and the displacement is a linear function of the distance from the origin ( Figure 1(b) ). So the displacement at a position x within the top electrode is xZ 0 /L 1 .
Considering a small area w ep dx where w ep is the width of the acrylate glue layer and dx is a small length at the position x. Then the force produced by the acrylate glue area w ep dx which acts upon the specimen is xcw ep Z 0 /h ep L 1 dx and the moment is
The total moment by the acrylate glue layer is M and: 
Here, we have used the same values as before for the pertinent parameters and a large acrylate glue thickness value h ep = 0.05mm. The minimum acrylate glue width used to bond the sample to the substrate is the width of the top electrode w and usually w ep >>w, roughly d 31  d 33,f , so the maximum value between the peak back surface displacement Z 0 and the piezoelectric displacement is no more than 1%. If the acrylate glue width is greater than the width of the top electrode which is usually the case, this ratio is even smaller. This indicates that the sample bending effect can be safely ignored if the specimen is glued to a rigid sample holder. Experimental work on low electromechanical coupling thin films reported in the literature supports the above analysis, Muensit and Guy were able to obtained d 33 = 2.0 pm/V for gallium nitride thin films by gluing the specimen to a thick brass plate, which was in turn rigidly attached to an optical stage. 22 platinised Si wafers by; spin coating a PZT layer at 3000 rpm for 30 seconds, followed by pyrolisation at 350°C, then annealing at 560°C for 5 minutes to fully crystallize the layer, this cycle was then repeated 15 times to give a layer of 1.1 m, the orientation of the PZT films was determined using a -2 X-ray diffraction measurement with a Siemens D5005 diffractometer with a Cu-K source. A lift-off lithography process incorporating LOR2A and S1818 resists was used to deposit a patterned top electrode with the thicknesses as the bottom electrode/seed layer. Following the deposition of the top electrode and subsequent lift off, the wafer was RF sputter coated with a blanket layer of gold 200 nm thick, a 2.5 m thick resist mask was patterned upon the gold layer using the image reversal resist AZ5214E to provide a mould. 1 m of nickel was then electroplated into the resist mould which was then stripped giving a hard metal mask for the reactive ion etching (RIE) of the PZT film. The exposed gold and the PZT film was etched using RIE with 120 watts power in Ar and CHF 3 After processing, the devices were checked to make sure they were viable by measuring their electrical properties (loss and phase) using a Wayne Kerr 6425 precision component analyser.
The passed devices were then contact poled using 130°C for 5 minutes with an electric field of 15 MV/m.
B. Device mounting
The glues for bonding the devices to a substantial substrate were chosen to be UV cured, the reason for this is that UV curable glue has a long working time in a yellow light clean room.
The chosen glues were from DELO industrial adhesives, DELO-PHOTOBOND 4468 and GB310 which have a young's modulus of 250 and 1600 MPa respectively. A 100 mm diameter glass plate was coated with glue by spin coating at 2000 rpm, the devices were placed on the plate which was then loaded into a Karl Suss MA56 mask aligner which UV cured the adhesive using hard contact mode to give the thinnest possible layer of glue (approximately 2 m for GB310).
C. d 33,f Measurement
The Polytec vibrometer system (MSV300) is a modified Mach-Zehnder type interferometer based on the Doppler frequency shift. The d 33,f was measured using the MSV300 laser vibrometer of the Polytec MMA 300, using a single HeNe laser beam focussed through a 1.25x objective giving a field of view approximately 7 mm 2 . Because the samples were thin film materials, their optical reflectance was excellent and the return signal observed on the vibrometer from the surface was close to 100%. This gave a very good signal to noise ratio, with the noise floor being < 1pm at 9 kHz (figure 3).
The actuating signal was set at 1. 
IV. RESULTS AND DISCUSSIONS
A piezoelectric thin film sample with a 500 m top electrode was measured prior to being constrained by glue bonding to a substrate ( figure 5 (un-bonded) ). It is evident from figure 5 that there is over ten times displacement contribution from substrate bending, when the displacement is compared to that of the same sample after it has been bonded to a substrate But it could also be defined as the difference between positions A to C as suggested in, or even B to C. 14 We have used, described below, finite element modelling (FEM) ANSYS to reveal the mechanisms by which the piezoelectric stack is deformed at the edges of the electrode upon actuation. A parametric analysis was performed to investigate the influence of The same parametric modelling was performed varying d 31 whilst all other parameter were kept constant, the results which are shown in figure 7 show a similar trend as that of figure 6 where Poisson's ratio was varied, but in figure However, this relationship depends not only on the material properties such as the electromechanical coefficients of the piezoelectric thin film and the elastic coefficients of the thin film and the substrate, but also upon the geometrical factors such as the thickness of the piezoelectric film, the dimensions of the electrode, and also the thickness of the substrate. 
